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Abstract
High operating cost and significant decrease in net power generation are major barriers to the implementation of post-
combustion amine scrubbing for CO2 capture from coal-fired power plants. To improve efficiency and make the
process more attractive economically, alternative process configurations and second generation solvents are being
investigated. Dynamic modeling can be a useful tool in understanding the optimal operating conditions and control
strategies for a proposed modified process; however, there are limited examples of dynamic model development for 
amine scrubbing. The Separations Research Program (SRP) at the University of Texas at Austin has completed a pilot 
plant campaign using a two-stage flash for CO2 regeneration as an alternative to a simple stripper, and piperazine 
solvent as an alternative to the baseline standard of monoethanolamine. This work develops a dynamic model for the 
alternative SRP configuration using first principles material and energy balances assuming an equilibrium stage
process, and the model is validated with steady state SRP data. The model output was reasonably well matched to
pilot plant measurements, with average temperature deviations of 1.7 3.4%.
© 2013 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of GHGT
Keywords: Two-Stage Flash; Piperazine; Dynamic Modeling; CO2 Regeneration
1. Introduction
1.1. Background
A high temperature two-stage flash has been proposed as a process configuration alternative to a
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Nomenclature 
Cp specific heat capacity  
H specific enthalpy (kJ/mol) 
h packing height (m) 
L liquid molar flowrate (mol/s) 
M liquid molar holdup (mol) 
mw molecular weight (kg/mol) 
P pressure (Pa) 
Q heat duty (kW) 
R ideal gas constant (m3Pa/  ) 
S packing cross sectional area 
T temperature (K) 
t time (s) 
V vapor molar flowrate (mol/s) 
v volumetric flowrate (m3/s) 
x liquid mole fraction 
y vapor mole fraction 
Greek 
 heat of desorption or vaporization (kJ/mol) 
Subscripts 
i stage number 
ig ideal gas property 
j component (CO2, H2O, PZ) 
L liquid stream property 
ref reference state property 
sol loaded PZ solution property 
V vapor stream property 
Superscripts 
f external feed to stage 
p external product of tank 
* equilibrium partial pressure 
 
 Matthew S. Walters et al. /  Energy Procedia  37 ( 2013 )  2133– 2144 2135
simple stripper for CO2 regeneration in post-combustion aqueous amine scrubbing [1]. Dynamic modeling 
of the process is important for analyzing the dynamic behavior of the system, developing control 
strategies, and optimizing operation over a range of conditions. It is expected that the operating conditions 
of a power plant will change due to unplanned disturbances, varying grid demand, and planned startup and 
shutdown for maintenance, and therefore the downstream amine scrubbing plant will have to respond 
quickly and efficiently to these changes. Additionally, flexible capture has been proposed that would 
allow on/off operation of the amine scrubbing plant in response to peak demand [2].  For these reasons a 
dynamic model of the two-stage flash process will be a helpful tool in understanding transient and off-
design behavior of the system.   
1.2. Scope and Novelties of this Study 
Limited research has been done in the area of dynamic model development for CO2 regeneration in 
amine scrubbing. Ziaii et al. and Lawal et al. both modeled a packed stripper with rate-based mass 
transfer using monoethanolamine (MEA) solvent [3, 4]. To date there are no literature examples of a 
dynamic model using an alternative stripper configuration such as a two-stage flash. There have also been 
no dynamic models using piperazine (PZ) or other second generation solvents, which have superior 
physical and chemical properties compared to MEA. The Separations Research Program (SRP) at the 
University of Texas at Austin completed a pilot plant campaign in 2011 using a high temperature two-
stage flash configuration with 8 molal PZ.  The objective of this study is to develop a dynamic model of 
the two-stage flash configuration using PZ as the amine solvent and validate the model with steady state 
SRP data from the 2011 campaign.  
2. Model Development 
2.1. Process Description 
In the two-stage flash process, rich PZ solvent from an absorber enters the system where it is heated by 
a steam heater to its maximum degradation temperature of 150 °C and flashed in a high pressure (HP) 
separator vessel. The semi-rich solvent is again sent to a steam heater to maintain its temperature at 150 
°C and is flashed in a low pressure (LP) separator vessel. A fraction of the cold-rich solvent from the 
absorber bypasses the HP flash tank and is sent to the top of a packed section in the LP flash tank. The 
cold-rich bypass functions to minimize volatile amine losses and decrease the fraction of water in the 
stripper gas. Figure 1 shows the two-stage flash configuration that will be modeled in this section, which 
is the same as the SRP configuration.    
 
 
Figure 1. Simplified two-stage flash process flow diagram 
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2.2. Mathematical Representation
In developing a mathematical model for the two-stage flash system, the following assumptions were 
made:
The system can be treated as three equilibrium stages: HP flash tank holdup, LP flash tank holdup, and 
packed section of LP tank.
Each stage is well-mixed so the outlet conditions are the same as the bulk conditions.
Liquid phase is considered a ternary system of CO2, PZ, and H2O.
Temperature is high enough that reaction kinetics can be ignored.
Heat is applied to the entire liquid holdup of the tank.
PZ is nonvolatile.
Vapor holdup is negligible compared to liquid holdup.
Liquid molar holdup in the packing is constant.
Vapor behaves as an ideal gas.
Figure 2 shows the equilibrium stage representation of the system, with the heat and material flows
associated with the stages. A system of differential and algebraic equations (DAE) is developed here for 
each equilibrium stage i. First, three independent material balances are written for the liquid phase in
Equations 1 3 for the ternary system: an overall balance and component balances on CO2 and PZ. This is 
the most convenient representation for the material balances because the commonly used parameter
CO2 loading is a function of CO2 and PZ concentration only, and the overall balance is related to tank 
level or packing holdup. Thus the H2O balance, which is not independent, is excluded. An overall stage
energy balance is also written in Equation 4. Equations 1 4 are the set of differential balances that
describe each stage of the two-stage flash system.
(1)
(2)
(3)
             (4)
The remaining equations presented here are algebraic equations that relate variables in the differential
equations to measurable quantities. For brevity, only the form of the algebraic equations is given in the
main text and all parameters are presented in Table 1.
Figure 2. Equilibrium stage representation
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Table 1. Algebraic equation constants 
Equation a b c d e f 
5 35.3 -11054 -18.9 4958 10163 - 
6 73.649 -7258.2 -7.3037 4.1653e-6 - - 
9 2.162 2.012 0.004 - - - 
13 -11054 4958 10163 - - - 
14 56.6 647 0.61204 -0.6257 0.3988 - 
15  0.02937 0.03454 1428 0.0264 588 - 
15  0.033363 0.02679 2610.5 0.008896 1169 - 
16 -0.025648 0.00054782 0.062226 2.3413e-5 -0.11321 0.0010663 
CO2 
H2O 
The vapor liquid equilibrium (VLE) relationship for loaded PZ was determined experimentally by Xu 
[5] and is given in Equation 5. The VLE for H2O in Equation 6 is found using the vapor pressure equation 
from the DIPPR database [6] and applying Raoult's law, assuming that the liquid is only PZ and H2O 
since CO2 does not exist as a free species in solution. Equations 7 8 define the stage pressure and vapor 
mole fraction of CO2  
           (5) 
             (6) 
                 (7) 
                  (8) 
Unmeasured interstage flow only occurs between stages 1 and 2 in the LP flash. Interstage vapor 
flowrate, Vi, is physically related to the pressure drop across the packing through known correlations. 
This relation is assumed to take the form given by Equation 9, where the molecular weight of the gas at 
stage i is defined in Equation 10. Interstage liquid flowrate, Li, is specified by the assumption of constant 
molar holdup in the packing. This assumption allows for the left hand side of Equation 1 to be set equal to 
zero for stage 1, thereby eliminating L1 from the system of equations.   
             (9) 
            (10) 
For enthalpy calculations, the reference states are defined as CO2 gas, H2O vapor, and PZ in aqueous 
solution, all at 25 °C, and an enthalpy of zero is assigned to these states. Therefore, the enthalpy of a 
given liquid or vapor stream is given by Equations 11 and 12, respectively, where xCO2, xPZ, yCO2, and T 
are properties of the given stream. 
       (11) 
          (12) 
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The heat of desorption of CO2 (Equation 13) is reported by Xu [5], the heat of vaporization of H2O 
(Equation 14) is found in the DIPPR database, and the ideal gas heat capacities for both CO2 and H2O 
take the same form (Equation 15) and are also found in DIPPR [6]. The heat capacity of the loaded PZ 
solution was assumed to take the form given by Equation 16, and was regressed from the Independence 
Aspen Plus© model [7].  
           (13) 
            (14) 
           (15) 
        (16) 
The DAE system representing an equilibrium stage described by Equations 1 16 is index 1 since the 
algebraic equations need to be differentiated once with respect to time to yield a pure ordinary differential 
equation (ODE) system. Through differentiation, substitution, and algebraic manipulation, Equations 1
16 can be converted to a set of four ODEs with the following state variables: Mi, xCO2,i, xPZ,i, and Ti. The 
ODE form is used in subsequent sections for simulation purposes. 
2.3. Degrees of Freedom Analysis  and Solution Method  
A degrees of freedom (DOF) analysis was performed to ensure that the system is properly specified. It 
can be seen by inspection that Equations 11 16 are only functions of temperature and liquid mole 
fractions.  Thus these equations can be directly substituted into the energy balance (Equation 4) and 
eliminated from the DOF analysis.  After the enthalpy substitutions are made, all remaining variables are 
listed in Table 2 under total variables. The interstage liquid flow in the LP flash does not appear as a 
variable because of the constant molar holdup in the packing assumption. This assumption can be relaxed 
by including a correlation for holdup on the packing supplied by the packing vendor. The system inputs, 
which arise from streams physically connected to the system, and the equations associated with each 
stage are also tabulated. DOF is defined as total variables minus the number of inputs and number of 
equations, and is calculated for both the HP and LP flash tanks: 
 
 
 
Table 2. Degrees of freedom analysis 
System Total Variables Inputs Equations 
HP Flash L3f, V3p, L3p, xCO2,3f, xCO2,3, xPZ,3f, xPZ,3, yCO2,3, T3f, T3, Q3, 
M3, PCO2,3*, PH2O,3*, P3 (15) 
L3f, V3p, L3p, xCO2,3f, xPZ,3f, T3f, 
Q3 (7) 
Stage 3: 1-8  
LP Flash L1f, V1p, xCO2,1f, xCO2,1, xPZ,1f, xPZ,1, yCO2,1, T1f, T1, M1, PCO2,1*, 
PH2O,1*, P1, L2f, V2, L2p, xCO2,2f, xCO2,2, xPZ,2f, xPZ,2, yCO2,2, T2f, 
T2, Q2, M2, PCO2,2*, PH2O,2*, P2, v1f, mwi (30) 
L1f, V1p, xCO2,1f, xPZ,1f, T1f, L2f, 
L2p, xCO2,2f, xPZ,2f, T2f, Q2, v1f 
(12) 
Stage1: 1-8 
Stage 2: 1-10 
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Figure 3. Schematic showing relative location of online temperature, flow, and pressure transmitters (TT, FT, and PT, respectively) 
The DOF of both flash tanks is equal to zero, meaning the system is exactly specified and both flash 
tanks can be solved independently.  The flash tanks were solved in a sequential fashion: first the HP flash 
was solved using the MATLAB© numerical integration function ode45, then the outputs of the HP flash 
were used as inputs to solve the LP flash. The LP flash is a stiff system because of the interstage flow 
relating stages 1 and 2. It was solved using the function ode15s to reduce step size and avoid instability. 
3. Pilot Plant Validation 
3.1. Pilot Plant Data 
The SRP pilot plant completed eleven steady state runs with varying conditions in October 2011. A 
steady state run is defined as a two-hour time period where operating conditions remained constant. Runs 
4, 6 9, and 11 were selected for model validation because they were the only runs that had both cold-rich 
bypass engaged and a complete set of data for simulation and validation purposes. Two-hour averages 
from online temperature, flow, and pressure transmitters (TT, FT, and PT, respectively) were used both as 
inputs to the model and as validation for the model outputs. Figure 3 shows the location of online 
transmitters that were included in this analysis and Table 3 relates these transmitters to model variables 
defined in the previous section. The average values for the transmitters shown in Figure 3 are listed in 
Tables 6 and 7 of the Appendix.   
Table 3. Relation of model variables (Mdl) to online transmitters (Trans) 
Stage 
Feed Temp Feed Flow Vapor Flow Pressure Product Temp 
Trans Mdl Trans Mdl Trans Mdl Trans Mdl Trans Mdl 
1 TT-515 T1f FT-515 L1f, v1f FT-542 V1p PT-540 P1 TT-541 T1 
2 TT-534 T2f 
FT-520  
FT-532 L2
f - V2 - P2 TT-542W T2 
3 TT-521 T3f FT-520 L3f FT-532 V3p PT-530 P3 TT-533 T3 
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Heat duties of the high pressure and low pressure steam heaters (QHP and QLP, respectively) are based 
on online steam flow and temperature measurements.  A heat balance for the entire two-stage flash skid, 
including pumps, heat exchangers, and piping, was also used to calculate the heat loss (Qloss) for each run. 
It was assumed that this heat loss could be split equally between the two flash tanks, so the heat duty 
inputs to the model are: Q2 = QLP  Qloss/2 and Q3 = QHP  Qloss/2. While it may be possible to correlate 
online density and viscosity measurements to liquid mole fractions, this work used offline titration 
analysis for mole fraction data. The offline titrations were performed on one sample per each two-hour 
steady state run. A titration sample taken from the rich solvent is used as an input to the HP flash, the 
model output of the HP flash is used as input to the LP flash, and the model output of the LP flash is 
compared to a titration sample taken from the lean solvent.  All heat duties and mole fractions are 
tabulated in Table 8. 
The LP flash in the SRP configuration has a top section with a height of 0.3048 m and a diameter of 
0.2116 m packed with Raschig Super-Ring (RSR) 0.3 random packing. Raschig-Jaeger Technologies 
provides a pressure drop correlation in graphical form for the RSR packing type [8]. The supplied graph 
was digitized and regressed to an equation of the form given by Equation 9. 
The SRP data were used as inputs to the model developed in Section 2. For this simulation, it was 
assumed that the total liquid molar holdup was constant for all stages, so the right hand side of Equation 1 
is set equal to zero and the molar holdup was assigned a nominal value. This has no effect on the results 
of the steady state validation performed here because molar inventory only influences the system time 
constant. In future dynamic studies, the holdup will be related to tank level. The ODE system was 
supplied with an initial guess of values for the state variables and simulated until a steady state was 
reached.  The steady state value was taken to be the model output and compared to the actual SRP process 
outputs.  
3.2. Input Adjustment 
The results of simulating the system with raw experimental data failed to provide an adequate match to 
observed SRP measurements, probably due to both model errors and uncertainties in the experimental 
SRP data. In order to eliminate the mismatch between the pilot plant and the model, adjustments were 
made to some of the experimental input values. Two input variables were identified as the most likely to 
have error associated with them: rich solvent CO2 mole fraction (xCO2,rich) and heat duty. Data 
reconciliation studies on SRP steady state data suggest that the CO2 mole fractions determined by titration 
could be as much as 7.5% below the true value [9, 10]. Additionally, the method of determining CO2 
mole fraction in the pilot plant differs from the methods used in a laboratory to determine important 
model relations such as the VLE equation for CO2, so it is not unreasonable to suspect that a bias may 
exist. Heat duty for each steam heater was determined by arbitrarily assigning half of the heat loss for the 
entire skid to each flash tank, but the actual heat loss for the tanks will probably be different. There are 
also several equations related to the energy balance that could have uncertainty, such as the liquid heat 
capacity and heat of desorption, so adjusting heat duty can potentially correct for error in these equations. 
It was postulated that the model could be matched to the experimental data by applying a systematic shift 
to xCO2,rich and the heat duties as follows: 
              (17) 
               (18) 
             (19) 
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The bias terms in Equations 17 18 were specific to the HP flash, and were treated as decision 
variables in an optimization problem used to minimize the quadratic objective function given by Equation 
20, which minimizes the difference between the model outputs and the measured SRP values. The bias 
term in Equation 19 was used as a decision variable for the optimization problem in Equation 21. The 
objective function weights wk, where k is the model variable being compared to the online measurement, 
were taken to be the reciprocal of the respective measured SRP values for Run 8. The optimizations were 
solved with the fmincon function in MATLAB© using an interior point algorithm.  
         (20) 
       (21) 
The results of the optimizations are shown in Table 4. The xCO2,rich bias is reasonable, representing an 
average rich mole fraction increase of 4.7%. Likewise, the bias applied to the HP duty is acceptable, 
being approximately equal to increasing the heat loss by an additional third of the total estimated heat loss 
for the two-stage flash skid. The bias applied to the LP duty is too high to be attributed to heat loss, since 
its value is greater than the estimated heat loss for the entire two-stage flash process for every run. It is 
possible that at lower pressures the system is not at equilibrium or vapor becomes entrained in the liquid, 
and therefore more heat must be supplied than the model predicts. This observation is further supported 
by pointing out that the predicted results for Run 4, which had the lowest pressure in the HP flash, had the 
poorest match to the measured values.  
Table 4. Optimization results. 
Decision Variable Optimized Value 
xCO2,bias +0.0037 
QHP,bias -4.8 kW 
QLP,bias -17.5 kW 
3.3. Results 
The model was simulated for the six steady state runs using both the raw pilot plant inputs and the 
adjusted inputs from the optimization described in Section 3.2. Fig. 4 compares calculated temperatures 
and pressures for the two flash tanks to SRP measured values. While it is clear that the raw input data 
generate results that deviate significantly from the actual values, simulation with the adjusted inputs 
shows a reasonably good match between the model and pilot plant. Table 5 lists the errors associated with 
each validation variable. The bias applied to the rich CO2 mole fraction is within the confidence interval 
of the error for the CO2 lean mole fraction; therefore the adjustment made for this variable seems 
reasonable.  
Table 5. Percent and absolute error between SRP data and model using adjusted inputs. 
Temperatures (°C) Pressures (%) CO2 mol frac (mol/mol) PZ mol frac (mol/mol) 
T1 1.7±1.6 P1 3.4±2.3 - - - - 
T2 1.0±0.5 - - xCO2,2 0.0043±0.0006 xPZ,2 0.0007±0.0004 
T3 0.5±0.4 P3 1.6±0.9 - - - - 
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(a) (b) 
    
(c) (d) 
Figure 4. Comparison of model results to SRP data for: HP flash liquid temperature (a) and vapor pressure (b), and LP flash liquid 
(T2) and vapor (T1) temperatures (c) and vapor pressure (d).   
4. Conclusions 
1. A two-stage flash process for CO2 regeneration was successfully modeled dynamically by 
performing material and energy balances on equilibrium stages.  
2. Validation with SRP data required that the inlet CO2 mole fraction be increased by 0.0043, or 
about 4.7%.  
3. The dynamic model developed in this work is capable of predicting steady state operating points 
within an average accuracy of at least 1.7 °C for temperature and 3.4% for pressure.  
4. Future work on this model will include validation with transient conditions, off-design process 
optimization, and process control strategy synthesis.   
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Appendix A. SRP Data 
Table 6. Temperatures (K) and pressures (bar, absolute) 
Run TT-515 TT-521 TT-533 TT-534 TT-541 TT-542W PT-530 PT-540 
4 376.02 416.76 422.87 420.05 396.64 147.31 10.67 7.08 
6 376.38 418.15 422.90 417.49 408.36 148.20 14.42 7.18 
7 390.33 416.99 423.98 418.43 415.06 149.39 13.77 6.94 
8 310.38 414.39 422.87 418.93 397.21 149.81 12.32 6.98 
9 310.61 412.46 422.62 417.82 400.97 147.96 12.32 6.53 
11 312.88 411.11 422.95 418.99 391.69 146.91 12.32 6.53 
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Table 7. Flows 
Run FT-515 (kg/s) FT-515 (m3/s) FT-520 (kg/s) FT-532 (mol/s)  FT-542 (mol/s)  
4 0.084 7.569e-05 0.760 0.5560 0.4144 
6 0.077 6.933e-05 0.772 0.1771 0.7474 
7 0.104 9.495e-05 1.042 0.1787 1.2096 
8 0.076 6.624e-05 1.047 0.2997 0.7759 
9 0.081 7.049e-05 1.164 0.3845 1.0452 
11 0.105 9.150e-05 1.507 0.5950 1.0476 
The vapor flow transmitters assume a vapor composition of 77% CO2 and 23% H2O by mole. This was corrected during the 
simulation by multiplying the flow measurement by the square root of the ratio of the assumed molecular weight to the calculated 
molecular weight from Equation 10.   
Table 8. Steam heater duties (kW), two-stage flash skid heat losses (kW), and rich solvent mole fractions from titration   
Run QHP QLP QLoss xCO2,rich xPZ,rich xCO2,lean xPZ,lean 
4 51.27 48.11 14.52 0.0774 0.1107 0.0588 0.1138 
6 30.84 70.19 14.55 0.0775 0.1104 0.0579 0.1123 
7 41.65 91.91 13.34 0.0778 0.1150 0.0587 0.1198 
8 54.33 94.20 15.51 0.0753 0.1109 0.0566 0.1136 
9 70.49 106.04 14.41 0.0788 0.1145 0.0586 0.1174 
11 100.96 101.51 15.03 0.0785 0.1125 0.0592 0.1157 
 
